Intestinal Development in the Suckling Rat: Effects of Weaning, Diet Composition, and Glucocorticoids on Thymidine Kinase Activity and DNA Synthesis

Summary
The present study was designed to determine whether the ontogenic changes in the salvage pathway for DNA synthesis of suckling rat intestine could be causally related to physiologic events during the weaning period. The intestinal activity of soluble thymidine kinase, extremely low in young sucklings (d 11, 0.057 + 0.007 nmol . min-I . g tissue-'), increased dramatically between d 18 and 22 postpartum and reached a plateau (19.8 2 0.5 nmol.min-'.g tissue-') at the fourth postnatal week. Rat pups prevented from weaning showed an initial rise in the enzyme synthesis by d 18 a s did their littermates weaned onto an adult diet. Compared with 22-d-old rats weaned onto chow pellets (14.1 + 2.1 nmol. min-' g tissue-'), thymidine kinase concentration was reduced by one-half in rats of the same age, fed on mother's milk alone (6.5 + 0.7 nmol.min-'.g tissue-') or on a liquid artificial diet either high in fat (mimicking rat milk, 7.4 + 0.6 nmol.min-I . g tissue -' ) o r high in carbohydrate mimicking chow, 6 .4 + 1.3 nmol. min-' . e tissue-'). The relative ~r o~o r t i o n s of fat and carbohydrate in thk diet had little or not-effect on growth rate, intestinal wt, and DNA content per centimeter. In a second experiment, 9-d-old sucklings were treated for four consecutive d with either saline or hydrocortisone hernisuccinate a t doses assumed to be in the physiologic (0.5 mg/100 g body wt per day) and pharmacologic (2.0 mg/100 g body wt per day) range. Low doses of the steroid failed to enhance precociously the intestinal synthesis of the enzyme and produced significant decreases in intestinal protein (-19% versus controls, P c 0.05) and DNA content (-23%, P < 0.01). In the jejunum as well in the ileum, the incorporation rates of PHIthymidine into DNA were reduced to a level about 70% of the controls (P = 0.05). Higher doses of hydrocortisone had a marked suppressive effect on DNA synthesis in the jejunum and ileum, the values in the steroid-treated group being about one-half those of the control group.
During the third week of postnatal life, profound morphologic and biochemical changes occur in rat small intestine. These include increases in intestinal weight, villus and crypt heighl, cell migration rate, and RNA and DNA content (16, 24) . The enhanced cell proliferation leads to mucosal hyperplasia, which equally develops in the entire small bowel (3) . Intestinal enzymatic activity also undergoes rapid adaptation between d 14 and 21 (14) . All these intestinal changes are in the direction of adult values and in many cases, overshoot adult levels. The physiologic mechanisms that initiate and control these maturative events are not well understood. Rats initiate weaning (dietary transition from rat milk to chow) at a critical period, when the intestinal development is at its peak. Lichtenberger and Johnson (27) have shown that the prevention of weaning in rats retarded normal intestinal development. Intestinal wet weight, and RNA and protein content relative to body weight were significantly lower in nonweaned pups than in weaned littermates. Although there is a temporal correlation between intestinal maturation and the spontaneous process of weaning, the possibility that the ontogenic changes in cell proliferation are diet-initiated has been discredited. For example, the prevention of weaning failed to alter the onset of maturative changes in mitotic index and crypt/ villus height ratio (26) . The converse type of experiment (i.e., determining whether early weaning causes precocious maturation of an enzyme or function), although repeatedly performed (16, 35) , is difficult to interpret because early gavage feeding undoubtedly stresses the animals and elevates plasma corticosterone (6) , which may be a true activator. Indeed, there is considerable evidence that hormonal mediators including corticosterone, gastrin and thyroxine are intimately involved in the regulation of intestinal maturation (14) . Administration of glucocorticoids to the suckling rat will induce the precocious appearance or increase of alpha-glucosidases (1, 5, 9, 1 l), ileal bile salt transport (28) , pinocytosis (23) and the uptake of immunoglobulins (34) . Conversely, adrenalectomy of the suckling rat will prevent the occurrence of maturational events at the appropriate time. Although adrenal cortical hormones play a determinant role in the maturation of differentiated villous cell functions, it is uncertain whether they could initiate changes in cell proliferation and DNA synthesis. Up to the present time, the effects of exogenous administration of glucocorticoids on intestinal morphology, on cell proliferation rates and on DNA synthesis in suckling rat intestine have been examined very little and previous experiments with cortisone (24, 29) and hydrocortisone (1 6) have led to conflicting results.
In order to clarify further the role of weaning and of glucocorticoid secretion in intestinal development, we have studied the effects of changes in weaning time and diet composition on parameters of DNA synthesis in suckling rat intestine. We also assessed the effects of low and high doses of hydrocortisone on intestinal synthesis of DNA and of thymidine kinase.
MATERIALS AND METHODS
Animals.
Wistar rats housed in opaque polystyrene cages in an air conditioned room at 22 t 1°C with 12-h light-dark cycle were used throughout this study. The day of birth was defined as d 0. Sucklings remained from d 0 with their mother and had free access to the nipples. The rats were weaned at d 21 postpartum and were fed at libitum a solid stock died (AO,, UAR, Villemoisson-sur-Orge, France). They were allowed to drink unrestricted amounts of water.
Ontogenic changes (experiment I). The postnatal changes in intestinal thymidine kinase synthesis were studied in eight groups of four rats each killed at the following ages: Tissue prvparution und assays. On the day of the experiment, the animals were killed by cervical transection. The abdominal cavity was immediately opened and the entire length of the small intestine was excised from the pylorus to the caecum. The intestine was rinsed in cold saline (0.9%), measured under fixed tension, and divided into two equal segments. The proximal half was defined as the jejunum and the distal half as the ileum. Both pieces were opened lengthwise, rinsed thoroughly with ice cold saline (0.9%) and weighed on a Mettler balance. The segments were wrapped in parafilm and frozen immediately. All determinations were made within 1 wk of collection. Thymidine kinase activity (EC 2.7.1.75) was measured in the cytosol fraction of whole intestinal homogenates. Freshly prepared tissue was used because the enzyme was found to be unstable in cytosol when stored overnight at +4 or -20°C. The assays were based on the procedure described by Machovich and Greengard (3 1) with modifications according to Herzfeld et ul. (20) . The final concentration of thymidine was 0.04 mM ( [ ' T I 2-thymidine, specific activity 54-56 mCi/mmol, 50 jd2i/ml, Amersham, Buckinghamshire, England). After incubating the reaction mixtures in total volumes of 0.5 ml for 20 min at 37"C, 50 p1 was pipetted onto Whatman aminoethyl cellulose discs (DE 81, Whatman, England). Non-phosphorylated thymidine was eluted by stimng the discs in 500 ml of cold 1.0 mM ammonium formate for 15 min followed by successive alternating 5-min washes of water and 95% ethanol. The discs were counted in 9.0 ml Aqualuma (Lumac, Schaesberg, Holland) in a Beckman scintillation counter, with an absolute activity analyzer for quench correction and 90% efficiency. Enzyme activities were expressed as nmol . m i n ' . g tissue-'. For the determination of DNA synthesis rates, 2 pCi/g body wt of ['Hlthymidine (specific activity, 23 Ci/nmol, Amersham, England) was injected intraperitoneally into each animal. The injections were all given at the same hour in the morning to circumvent circadian periodicity in DNA synthesis (1 1). The animals were sacrificed after 120 min. Tissue samples (100 mg) of the jejunum and ileum were homogenized in 8 ml of 0.25 N cold perchloric acid. DNA was extracted by serial precipitation in perchloric acid as described by Johnson and Guthrie (22) and assayed by the diphenylamine method of Burton (2) modified by Giles and Myers (10) . Polymerized calf thymus DNA (Sigma, Chemicals) was used as standard. The amount of ['Hlthymidine incorporated into DNA was determined by counting 1 ml of the extract in a liquid scintillation system. DNA extracts were counted in triplicate. Protein content was measured by the Lowry method (30) .
Calculations. Unless otherwise stated. all results concern the whole intestine and were expressed as mean + SE. DNA was calculated in mg/g of tissue, mg/cm of intestinal length and DNA synthesis rates in (dis/min)/mg of DNA and (dis/min)/cm of intestine. Differences between means were tested for statistical significance (P < 0.05) using the unpaired Student's t test.
RESULTS
The developmental changes of thymidine kinase (soluble fraction) in rat small intestine are depicted in Figure I . In (Fig. 4 ) and intestinal DNA content1 (Fig. 4 ) Fig. 5 . Effects of low doses of hydrocortisone (0.5 mg/ 100 g body wt) on DNA synthesis rates in the jejunum and ileum of suckling rats (see text for treatment schedule). Numbers in parentht.ses are the numbers of rats studied. In the steroid-treated group, the incorporation rates of [jHj thymidine (expressed per mg of DNA) were decreased to 69% (jejunum, *I' = 0.05) and 7 1% (ileum, *P = 0.05) of the controls. Expressed per centimeter of intestine, the incorporation rates were decreased in the same proportions but the changes were not significant. the hydrocortisone-treated group than in the control group but the difference did not prove to be statistically significant. Subscquently, we assessed the effects of low (0.5 mg/100 g body wt) and high (2.0 mg/100 g body wt) doses of hydrocortisone on DNA synthesis rates in the jejunum and ileum of suckling rats. The treatment schedule was identical to that described above. In rats treated with low doses of the steroid (Fig. 5 ) the incorporation rate of ['Hlthymidine expressed in (dis/min)/mg of DNA was decreased to a level 69% of the controls in the jejunum (P = 0.05) and to 7 1 % of the controls in the ileum ( P = 0.05). When expressed in (dis/min)/cm of intestine, the decreases in incorporation rates were of the same magnitude but the differences were not significant. Pharmacologic doses of hydrocortisone were associated with constant decreases in body wt (data not shown). Jejunal and ileal wet weight per cm was also significantly lower in treated than in non-treated rats (jejunum (x 2 SE), 21 .9 2 0.6 versus 25.9 + 1.1 mg/cm, P < 0.05; ileum, 12.9 + 0.3 versus 16.7 -+ 0.7 mg/cm, P < 0.01). As shown in Figure 6 , high doses of hydrocortisone depressed significantly the incorporation rate of [-'Hlthymidine ((dis/min)/mg DNA or (dis/min)/cm of length) in the jejunum as well as in the ileum, to levels between 54-57% of the controls.
DISCUSSION
Our results confirm those reported by Herzfeld et 01. (20) and show that between d 18 and 22 the intestinal synthesis of thymidine kinase dramatically increases in weaning rats. The rise in thymidine kinase reaches a plateau at the fourth postnatal week and is concomitant with a 4-5-fold increase in crypt cell migration (16) and in intestinal DNA content. As shown in Figure 1 . the weaning process has no effect by itself on the onset of enzymatic synthesis, which implies that the transition from rat milk to chow does not trigger the ontogenic changes observed; however, the activity plateau at the fourth postnatal week is reduced by two-thirds in non-weaned animals, suggesting that its level is dependent on diet. Very similar conclusions have emerged from studies on intestinal morphology (26, 27) and on enzymes of differentiated villous cells (1, 13, 26) . With regard to the nature of the dietary changes at weaning, we have examined whether the transition from a high fat-low carbohydrate diet (rat milk) to a high carbohydrate-low fat diet (chow) could be a determinant feature for the full expression of intestinal development. The amount of food consumed and protein intake were equivalent in the two litters of rats fed a mild-based diet either high in fat or high in carbohydrate (lactose). The results indicate that the proportion of carbohydrate relative to fat in the weaning diet is not critical for the developmental changes in DNA synthesis. Furthermore, by comparing the data in Figures 1 and 4 , it can be seen that rats fed on mother's milk or a milk-based diet exhibited by d 22 lower kinase activities than did those normally weaned onto standard chow. There are essentially two differences between the chow pellets and the liquid diets that can account for this: 1) mixed carbohydrates (sucrose + lactose) in the chow diet versus lactose sole in the liquid diet, and 2) high versus low content in non-absorbable bulk. It is tempting to conclude that the last is the most important factor because non-absorbable bulk added to liquid elemental diets stimulates DNA synthesis in adult rat small intestine (8) and colon (36) . Experiments to differentiate between the two are currently under progress. Also remaining to be established is whether the trophic effect of the adult diet on intestinal development represents a direct action of dietary components on the intestinal epithelium or is under hormonal mediation. Gastrin has been proposed as a good candidate for the role because pentagastrin treatment enhances intestinal development in non-weaned rats and antral gastrin concentrations are significantly lower in non-weaned than in weaned pups (27) . Although this supports hormonal mediation, at present there is no confirming evidence.
There is a large amount of evidence which indicates that glucocorticoids play a major role in intestinal development ( 14) . A restricted period of maximal sensitivity of suckling rat intestine to precocious enzyme induction has been delineated by adrenalectomy and injection of low doses of cortisone (13, 17) . These studies revealed a steady increase in responsiveness of sucrase induction during the suckling period, beginning on day 8 (17) . During this period of high intestinal responsiveness to enzyme induction, we assessed the effects of low and high doses of hydrocortisone on parameters of intestinal DNA synthesis. Hydrocortisone was used because it is similar in activity to corticosterone, the natural steroid in the rat, but is longer acting. The dose of 0.5 mg/100 g body wt was assumed to be in the physiologic range because Loeb (29) has demonstrated that 0.3 mg/ 100 g body wt per day was equivalent to almost twice the basal secretory rate of corticosterone. From our current results, it is clear that exogenous glucocorticoids, assessed under physiologic and pharmacologic conditions, are not trophic for the intestinal mass of the suckling rat and are not activators of DNA synthesis. Both low and high doses of the steroid were found to depress intestinal DNA content and DNA synthesis rates in the jejunum as well as in the ileum. Using low doses of hydrocortisone (0.5 mg/100 g body wt) given for 4 consecutive d to 10-d-old sucklings, we found a similar suppressive effect on DNA synthesis in the colon (4) .
The effects of glucocorticoids on intestinal structure, cellular proliferation and DNA synthesis in growing rodents has been studied by several authors but has led to conflicting results. Our data are in agreement with Loeb's study (29) which reported that a single low dose of cortisone (0.5 mg/60 g body wt) injected into weaning rats, caused a small and variable degree of suppression of DNA synthesis in the jejunum. At an earlier maturative stage, Tye and Burton (39) proved that the administrtion of dexamethasone to pregnant mice resulted in a 50% decrease of thymidine incorporation into the fetal gut. In the adult rat, the suppressive effect of glucocorticoids on intestinal DNA synthesis appears to be dose-time-related and long acting steroids are potent inhibitors of cryp cell mitosis (25, 37) . Scott et al. (37) have very clearly demonstrated that prolonged treatment of adult rats with prednisone causes villous hypoplasia and marked depression of intestinal DNA, RNA, and protein content per unit length. Conversely, others have reported a maturative effect of glucocorticoids on mitotic index and crypt cell migration rate in suckling rat duodeno-jejunum but not in the ileum (16) . This is not necessarily in contradiction because after cessation of large doses of steroids there is a rebound period of increased crypt cell division (38) .
The assumption that glucocorticoids are not activators of DNA synthesis in suckling rat intestine is further supported by our data on the soluble fraction of thymidine kinase. Low doses of hydrocortisone failed to enhance the synthesis of the enzyme in sucklings and decreased the activity to a level 58% of the controls (not significant). Similarly, Herzfeld et al. (20) showed that the intestinal enzyme did not accumulate in neonates and sucklings after one dose of 2.5 mg/100 g body wt hydrocortisone but decreased in variable proportions (60-90% of controls), depending on the age of the animals. The proportionality between thymidine kinase concentrations, DNA synthesis, and cell proliferation rates in normal intestinal development (18) , regenerating liver (2 l), and rat tumors (33) is well documented. Multiple forms of thymidine kinase have been reported for rat tumors (33) and regenerating livers (32) but not for normal rat tissue (12, 19) . The possibility that the non-response of thymidine kinase to hydrocortisone treatment could have been due to the rapid turnover of the enzyme in the small intestine (half-live less than 6 h) (18) is unlikely because four injections of the steroid were made with last injection 2 h before sacrifice. Taken together, the present findings suggest that the dietary changes and the rise in glucocorticoid levels modulate the full expression of intestinal development in the suckling rat but do not initiate the ontogenic changes in DNA synthesis. Recent monitoring techniques have demonstrated that airway obstruction occurs frequently in premature neonates recovering from respiratory disease (1, 28) . Upper airway obstruction has been shown to produce significant ventilatory deficiency particularly in preterm infants (4, 14) and has been suggested as one of the etiologies of apnea (14, 24) . Several investigators have shown that upper airway obstruction can result from passive or active neck flexion, occlusion of the oropharynx by the tongue due to sleep-induced relaxation of genioglossus muscle, or edema of the upper airway in infants with nasopharyngitis (20, 25, 27) .
Although airway obstruction can occur frequently in premature infants, there is little information on the physiologic response to either partial or complete obstruction. The ventilatory response of premature infants to a flow resistive load to simulate partial airway obstruction was studied (6); however, these infants were only exposed to this load for the duration of one breath. In
.
loads in infants, it may be necessary to evaluate inspiratory and expiratory loads separately.
The purpose of this study is to evaluate the immediate and sequential effects of an external inspiratory flow resistance on the ventilatory response of growing premature infants. These data should be useful in understanding compensatory mechanisms involved in partial airway obstruction.
MATERIALS A N D METHODS
Eleven infants were studied after recovery from respiratory disease. They did not have cardiorespiratory diseases at the time of the study or any evidence of intracranial hemorrhage during the course of hospitalization. The infants had estimated gestational ages ranging from 28-36 wk, a mean birth weight of 1.50 + 0.13 kg, and mean study age of 4.15 ? 1.10 postnatal wk.
They were studied in sleep approximately 30 min after a feeding.
Ventilatory response was evaluated with the infant in the supine position breathing room air, through a soft rubber face mask (Ohio Products), which tightly covered the infant's mouth and nose. A heated pneumotachygraph (Hewlett-Packard 2 1069) was used to measure air flow. The pneumotachygraph was attached to the face mask and a one-way nonrebreathing T-valve. Flow signals were integrated to produce tidal volume by a Hewlett-Packard flow-integrator (NO. 8802A). The end tidal CO, was measured by a Cavitron Anard Gas Analyzer at a pump flow rate of 100 ml/min through continuous sampling from the mask air. A Litton Oxymonitor (Model No. 23604803) was used for transcutaneous oxygen tension monitoring.
A standard length endotracheal tube, 2.5 mm in diameter, was used for the inspiratory flow resistive load. The endotracheal tube was narrowed by a central adjustable screw clamp, 3 mm wide, to produce different resistances (18) . For the study, each infant was evaluated with two different resistances. These resistances (Ri = 100 cm H2O.L-'.s-' and R2 = 150 cm H20.L-'. s-' at 1 L/min flow rate) were selected as a mid and mid-high resistive loads by a preliminary testing of 10 different resistances
